The effect of functional overloading on the regenerating process of injured skeletal muscle was investigated in 10-week-old male mice (C57BL/6J). Functional overloading on soleus of both hindlimbs was performed by cutting the distal tendons of plantaris and gastrocnemius muscles for 2 weeks before cardiotoxin (CTX) injection as the preconditioning and also during 10 weeks of recovery. To activate the necrosisregeneration cycle, 0.1 ml of 10-µM CTX was injected into soleus muscle. The mean values of absolute muscle weight and the percentage of Pax7-positive nuclei in soleus were increased by the preconditioning. These values, as well as total muscle protein content, in the group with CTX injection plus overloading were larger than in the group with CTX injection alone. Fibers with central nucleus were noted in the group with CTX injection with or without overloading. The rate of disappearance of fibers having central nucleus during recovery was stimulated by overloading. Histological analyses revealed that the regeneration of injured soleus muscle with overloading proceeded more rapidly than the muscle without overloading. These results, in combination with previous lines of evidence, strongly suggest that functional overloading may facilitate the regeneration of injured skeletal muscles.
Mechanical loading is one of the primary factors in the regulation of skeletal muscle size. It has been reported that mechanical loading, such as stretch and exercise, is an important stimulus for muscle hypertrophy [1] [2] [3] . Muscle fi bers undergoing hypertrophy appear to require an external source of new nuclei to maintain a constant myonucleus-to-fi ber volume ratio [4] . The source of these nuclei is attributed to skeletal muscle stem cells, muscle satellite cells, located between the sarcolemma and the basal lamina of myofiber [5] . Therefore it is generally accepted that satellite cells play a key role in muscle hypertrophy [6] [7] [8] . Recent evidence shows that mechanical loading, as well as heat-stress, results in an increased number and mitotic activity of satellite cells [9] [10] [11] [12] .
It is well-known that skeletal muscle exhibits a greater activity of regeneration after various injuries and diseases. Satellite cells are also responsible for the repair and the regeneration of adult skeletal muscle tissues. Histopathological analyses of injured muscle have clearly shown that the number of muscle satellite cells increases, and those cells differentiate into myotubes and myofi bers [13] . It has been considered that satellite cells are in the G0 phase of the cell cycle in non-injured conditions, and that the cells leave the G0 stage, proliferate, and fuse to form multinucleated myotubes when they are activated in response to injury [14] [15] [16] [17] . The newly formed myotubes subsequently replace the damaged muscle fibers [14] [15] [16] [17] [18] . Although it is clear that muscle satellite cells play a critical role in the formation of new myofi bers during the regeneration process [6, [14] [15] [16] 19] , the detail of the mechanism responsible for skeletal muscle regeneration is still unclear.
The regenerative process of injured muscles may be facilitated by the activation of muscle satellite cells induced by various hypertrophic stimuli, because the activation of muscle satellite cells plays a key role in both muscle hypertrophy and regeneration. In the previous study, we investigated the effects of heat-stress on the regenerative process of injured skeletal muscle [20] . In general, the application of heat-stress on injured muscle tissues (hyperthermia treatment) is contradictory. However, it was
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Therefore, in the current study, we investigated the effects of functional overloading on the regenerative process of injured skeletal muscle as the preconditioning for the activation of muscle satellite cells in mice. Our previous study [20] suggested that both absolute and relative muscle wet weight decreased to the minimum levels at around the 14th day after cardiotoxin (CTX) injection, although they were elevated acutely because of the increased water content. Thus the current study was designed to investigate the effects of prior overloading on the recovery process of muscular properties from the minimum levels to avoid the acute responses.
MATERIALS AND METHODS

Animals and grouping.
All experimental procedures were conducted in accordance with the Japanese and American Physiological Society Guide for the Care and Use of Laboratory Animals. The study was also approved by the Animal Use Committee at St. Marianna University School of Medicine. Ten-week-old male mice (C57BL/6J) were used. At fi rst we examined the effects of 2 weeks of preconditioning on the absolute and the relative muscle wet weights, total muscle protein content, and the number of Pax7-positive nuclei ( Table 1 ). The mice were randomly divided into two groups: (1) cage control and (2) functional-overloaded (preconditioned) (n = 5 in each group). In the second experiment, the effects of functional overloading on the regeneration of CTX-injectionrelated muscle injury were investigated. The mice were divided randomly into four groups: (1) cage control (CC), (2) CTX-injected (CX), (3) functional -overloaded (FO), and (4) FO + CX groups (n = 5 each).
Functional overloading. To activate muscle satellite cells in soleus muscle fi bers, functional overloading was performed as preconditioning for 2 weeks before CTXinjection. In the FO and FO + CX groups, overloading on the soleus of both hindlimbs was performed by cutting the distal tendons of the plantaris and gastrocnemius muscles under anesthesia with breathing of isofluraneoxygen-nitrous oxide gas mixture (forane) [20] . The rats were allowed ambulation recovery after the surgery.
Initiation of necrosis-regeneration cycle. The induction of muscle damage was performed 2 weeks after the initiation of functional overloading. In groups CX and FO + CX, 0.1 ml of CTX (10 µM in physiological saline, SigmaAldrich, St. Louis, MO, USA) of Naja naja atra venom was injected bilaterally into the soleus muscles of mice, using a 27-gauge needle under anesthesia with breathing of isoflurane-oxygen-nitrous oxide gas mixture. The injection of CTX was performed carefully to avoid damage in the nerves and blood vessels [23, 24] . The same volume of physiological saline was also injected similarly in group CC and FO as the control.
Sampling. Samples of the soleus muscle were dissected bilaterally immediately before (only control and preconditioned groups) and 14, 28, 35 , and 70 days after injection of CTX or physiological saline under anesthesia with breathing of isoflurane-oxygen-nitrous oxide gas mixture. The muscles were rapidly weighted and stretched longitudinally to an optimum length and frozen in isopentane cooled by liquid nitrogen. The samples were stored at -80°C until analyses.
Histochemical and immunohistochemical analyses. Serial transverse cryosections (10 µm thick) of the midbelly region of frozen left soleus muscles were cut at -20°C and mounted on the glass slides. The sections were air-dried and stained to analyze the histological stages and the profi les of Pax7-positive nuclei by using hematoxylin and eosin (H & E) and by the standard immunohistochemical technique, respectively, as described earlier [20] .
Briefl y, monoclonal anti-Pax7 anitibody (undiluted tissue culture supernatant of hybridoma cells obtained from the Developmental Studies Hybridoma Bank, Iowa City, IA, USA) was used for the detection of muscle satellite cells [6, 19, 25] . Cross sections were fi xed with paraformaldehyde (4%) and then post-fixed in an ice-cold methanol. After blocking was accomplished with a blocking reagent (1% Roche Blocking Regent, Roche Diagnostics, Penzberg, Germany), the samples were incubated with the primary antibodies for Pax7 and rabbit polyclonal anti-laminin (Z0097, Dako, Glostrup, Denmark; diluted 1:500). Thereafter, sections were also incubated with the second primary antibodies for Cy3-conjugated antimouse IgG1 (Jackson ImmunoResearch Laboratories, West Grove, PA, USA; diluted 1:500) and for fl uorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (SigmaAldrich; diluted 1:500). The nuclei were then stained by 15-min incubation in a solution of 2,4-diamidino-2-phenylindole dihydrochloride n-hydrate (Dapi, 0.5 mg/ml; Sigma-Aldrich).
Imaging of muscular sections and analyses. The images of muscle sections were incorporated into a personal computer (AxioVision 3.1.2.1, Carl Zeiss Japan, Tokyo, Japan) by using a microscope (Axioskop2 plus with AxioCam HR, Carl Zeiss Japan). The percentage of fibers having central nucleus relative to total muscle fibers in the whole transverse section was calculated. The percentage of Pax7-positive nuclei relative to the total number of Dapi-positive nuclei (~1,500), located within lamininpositive basal membrane, in the whole transverse section was also calculated [20] .
Muscle protein. Muscle protein content was deter-
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The Journal of Physiological Sciences Vol. 58, No. 6, 2008 mined in the right soleus muscles by using the techniques described earlier [12, 20, 26] . Briefly, the muscles were homogenized in 10 volumes of isolation buffer (10 mM Tris-HCl, 10 mM NaCl, and 0.1 mM EDTA, pH 7.6), and completely solubilized by alkali treatment with one volume of 2 N NaOH at 37°C for 30 min. Protein concentration in the homogenates was determined by using a protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA) and bovine serum albumin (Sigma-Aldrich) as the standard. Total protein content in whole muscle was then calculated. Statistical analyses. All values were expressed as mean ± SEM. Data obtained immediately after 2 weeks of preconditioning were analyzed by unpaired t-test between control and preconditioned groups. The comparison of other data was performed by 3-way (loading × injury × time) ANOVA. When any significant main effects (factors) and interactions among factors were observed, a Turkey post hoc test was performed in each effect or among groups. For a comparison of the percentage of central nuclei fibers, 2-way (loading × time) ANOVA was performed because no fi bers with central nuclei were observed in group CC or FO. Statistical signifi cance was accepted at p < 0.05.
RESULTS
Effects of the preconditioning
Functional overloading, which may activate the satellite cells, was performed in soleus muscle for 2 weeks as preconditioning before the induction of necrosis by CTX injection. The wet weight of muscle and total protein content in the preconditioned group tended to be greater than those in the untreated group (Table 1) . There was a signifi cant difference in the absolute muscle weight between two groups (p < 0.05). The percentage of Pax7-positive nuclei was also increased by the preconditioning ( p < 0.05). There were no fi bers with central nucleus in either group (data not shown).
Wet weight of muscle
There were signifi cant main effects of loading, injury, and time (p < 0.05), but no interaction was noted among three factors in both absolute and relative wet weights.
The absolute and relative muscle wet weights in group CC were constant during the 70-day experimental period (Fig. 1, A and B) . At day 14, the absolute and relative muscle wet weights in group CX were ~68% and ~71% of the value of the age-matched CC, respectively (p = 0.094 and p = 0.082). These values in group CX recovered to ~88% and ~96% of the age-matched control level at day 70 (p = 1.000 and p = 1.000, respectively). On the other hand, the functional overloading caused an increase of muscle wet weight. The muscle weights in group FO were larger than those in group CC at days 35 and 70, and were also larger than those in group CX throughout the experimental period. The CTX-injection-related decrease of muscle weight was minor in group FO + CX. The muscle wet weight in group FO + CX was comparable to the value of group FO. Both the absolute (except at day 14) and relative muscle wet weights in group FO + CX were signifi cantly larger than those in group CX (p < 0.05).
Muscle protein content
There were signifi cant main effects of loading, injury and time (p < 0.05). And a signifi cant injury × time interaction was observed for total muscle protein content. The total protein content in whole muscle of the control group, CC, was constant throughout the experimental period (Fig. 1C) . Muscle protein content of CX group was 60-70% of the value of the age-matched CC group at days 14 (p = 0.098), 28 (p = 0.181), and 35 (p = 0.137). The mean value of muscle protein content in the CX group at day 70 was similar to that in group CC.
On the other hand, the protein content of the overloaded groups (FO and FO + CX) tended to be increased. The mean values in these groups, except in group FO + CX, at day 14 were ~120% of the value of group CC (p = 1.000). However, the values were greater than in group CX ( p < 0.05), except in group FO + CX at days 14 and 70, and group FO at day 70. The CTX-injection-related decrease of protein content was minor in the group with additional application of functional overloading. Further, the mean protein content value of group FO + CX at day 14 was similar to that in group CC. In group FO + CX it was gradually increased thereafter and reached the level in group FO at day 35. The value in group FO + CX at day 70 was signifi cantly greater than the level at day 14 (p < 0.05). The protein content in group FO + CX was significantly greater than in the group CX at days 28 and 35 (p < 0.05).
Pax7-positive nuclei
There were signifi cant main effects of loading, injury, and time in the percentage of Pax7-positive nuclei among the total nuclei (p < 0.05). And a signifi cant loading × injury interaction, loading × time interaction, injury × time interaction, and loading × injury × time interaction were observed ( p < 0.05). The percentage of Pax7-positive nuclei among the total nuclei in group CC was constant throughout the experimental period (Fig. 2) . There was no significant difference in the percentage of Pax7-positive nuclei between groups CC and CX at day 14. No signifi cant increase in Pax7-positive nuclei was observed in group CX during the experimental period. Functional overloading caused an increase of the percentage of Pax7-positive nuclei. The mean values in group FO were significantly greater than those in group CC at days 14, 28, and 70 (p < 0.05). The percentage in group FO was also signifi cantly greater than that in group CX at days 14 and 28 (p < 0.05). Although there was no significant difference in the number of Pax-7 positive nuclei of group FO + CX at day 14, compared with the level of group CC, the mean value increased thereafter. The percentage of Pax7-positive nuclei in group FO + CX was signifi cantly greater than in group CX at day 28 (p < 0.05) and in group CC at days 35 and 70 (p < 0.05).
Histopathological analyses
The H & E staining of cross sections showed that soleus muscles in CTX-injected mice had many regenerating fi bers at day 14 (Fig. 3) . Small fi bers with a central nucleus were observed in the necrotic area of group CX at day 14. There was also a large number of fibers with central nucleus in group FO + CX. However, the size of the fi bers was larger than in group CX. Fibers with large diameters were observed in group FO when compared with those in group CC during the experimental period. Figure 4 shows the percentage of fibers with central nucleus after the treatments. There were signifi cant main effects of loading and time and loading × time interaction for the percentage of fibers with central nucleus (p < 0.05). Regenerating fi bers having central nucleus were observed in CTX-injected soleus muscle fibers, but not in fibers without CTX injection. The mean percentages of these fi bers in group CX and FO + CX at day 14 were mean absolute weight in the preconditioned group was 13.8 mg vs. 8.8 mg in control. Therefore it is unlikely that the muscle damage was inhibited by the prior application of overloading. It was speculated that regeneration of damaged muscle was facilitated by some factors, which were stimulated by the prior overloading and/or continuous application of mechanical load during the ambulation recovery.
Muscle satellite cells are responsible for the postnatal growth and regrowth, as well as the regeneration, of skeletal muscle [6, 19] . It was reported that satellite cells proliferate and then fuse with existing mature muscle fi bers in response to functional overloading [8, [27] [28] [29] and that these processes cause muscle hypertrophy [7, 30] . The wet weight and protein content of muscle are signifi cantly increased ~2 weeks after the initiation of functional overloading by the synergist ablation [31] . Functional overloading, which may activate the satellite cells, was performed in soleus muscle for 2 weeks as preconditioning before the induction of necrosis by CTX injection in the present study. In another group, CX, a necrosisregeneration cycle without preconditioning, was induced in muscle, which may have quiescent satellite cells.
Pax7 is expressed in quiescent, mitotic active and proliferating myogenic satellite cells [6, 25] and is required for the specification of satellite cells [25] . The numbers of Pax7-positive nuclei in group FO was approximately twice as large as the age-matched normal control (CC) group at day 14 and 28. Muscle wet weight, as well as protein content, was also increased by the functional overloading. Previous study showed that heat-stress enhanced the proliferative potential of satellite cells and induced muscle hypertrophy [10, 12] , suggesting that heat-stress is one of the stimuli for skeletal muscle hypertrophy. Overloading may augment various cellular stresses, such as mechanical and metabolic stress, during muscle contraction. Mechanical stress may have some role(s) in the regulation of the number of satellite cells [32] . These observations indicated that overloading stimulated the mitotic activity and proliferation of satellite cells, and the number of satellite cells was then increased in noninjured skeletal muscles, resulting in hypertrophy.
Previous study also showed the time course change of the percentage of Pax7-positive nuclei (satellite cells) following CTX-injection [20] . The percentage of Pax7-positive nuclei decreased 1 day after CTX-injection, but increased gradually and reached the level of normal control group within 3 days and remained constant for ~4 weeks. In the group with functional overloading plus CTX injection (FO + CX), however, a larger number of Pax7-positive nuclei was maintained during the experimental period compared with group CX. At day 28 there was a signifi cant increase in the percentage of Pax7-positive nuclei in group FO + CX compared with the value of group CX (p < 0.05). An increase of Pax7-positive nuclei was mean values in group CX at days 35 and 70 were lower than those at day 14 (p < 0.05). Application of functional overloading was benefi cial for regeneration. The numbers of regenerating fibers in group FO + CX at days 35 and 70 were significantly less than those in the age-matched group CX and in group FO + CX at day 14 (p < 0.05) and 28 (p < 0.05). The mean cross-sectional area of fi bers in group FO + CX was also greater than that in group CX (data not shown).
DISCUSSION
This study demonstrated that the regeneration of injured skeletal muscle was stimulated by the application of functional overloading, which is one of the hypertrophic stimuli. Loading by physical activity on injured muscles is considered to be contradictory because of the further stimulation of loading-related infl ammation. In the present study, however, functional overloading activated the proliferative potential of satellite cells during the regenerating process of injured soleus muscle in mice. Recovery from CTX-injection-related necrosis and decreased protein content was facilitated by functional overloading applied before the induction of damage and during the recovery period.
The injection of CTX into rat tibialis anterior muscle caused a significant acute increase of both absolute and relative muscle weight as a result of enhanced water content in our previous study [20] . The total muscle protein content remained stable 1 day after CTX injection. However, these levels decreased to the minimum levels after 7-14 days and gradually recovered thereafter. Similar phenomena were noted at day 14 in the present study. These levels tended to be lower than in group CC. But the statistical power was not strong enough, since the sample number in each group was small (n = 5). Therefore the nonsignificant differences of the relative muscle weight (p = 0.082) and whole muscle protein content (p = 0.098) between group CC and CX at day 14, seen in the present study, do not necessarily suggest that the CTX injection do not affect these parameters. The data obtained at day 14 suggest that the parameters are in the recovery process from CTX injection.
In the present study, the functional overloading was subjected to soleus muscle for 2 weeks before CTX injection and also during the recovery period to activate muscle satellite cells. Muscle hypertrophy was induced by the preconditioning. Therefore there is a possibility that the overloading applied prior to the induction of damage might attenuate the decreases in muscle weight and protein content, as well as the number of Pax7-postive nuclei. However, injections of 0.5 ml (0.1 ml in the present study) of CTX with the same concentration (10 µM) into larger tibialis anterior muscle of rats (>400 mg vs. ~9 mg in the current study) completely destroyed all fibers [20] . The
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It is generally accepted that the central nucleus is an indicator of myofiber regeneration [33] . In the present study, the number of fibers with central nuclei was measured as an indicator for the recovery from muscle injury. The mean percentage of these fibers was 86% 2 weeks after CTX injection without overloading, and then gradually decreased to 60% after 10 weeks of ambulation recovery. The functional overloading caused a further decrease of the number of these fi bers. Thus the morphological and histochemical data strongly suggested that functional overloading might facilitate the recovery of CTX-injured soleus muscle fi bers.
The muscle protein content tended to be lower than control 2 weeks after the CTX injection (Fig. 1C , p = 0.098). This result was consistent with our previous study [20] . The CTX is a peptide isolated from snake venoms, and is a protein kinase C-specific inhibitor that induces the depolarization and contraction of muscular cells, disrupts membrane organization, and also lyses various types of cells [33] . In the overloaded group (FO + CX), the muscle protein content, which decreased following CTX-injection, recovered and reached the control (CC) level at day 28 and the level of group FO at day 35. However, such increase in protein content was not induced if overloading was not applied. Therefore it is suggested that protein synthesis might be stimulated by functional overloading even in muscle with necrosis caused by CTX injection. However, the precise molecular mechanism responsible for the overloading-associated facilitation of the recovery in morphological, histochemical, and biochemical profiles of injured skeletal muscles is not clear yet.
The application of overloading may act as an extracellular stimulus for the facilitation of proliferation of Pax7-positive satellite cells, suggesting that the morphological properties of skeletal muscle are regulated by loadingrelated factors. One possibility is that overloading causes an increase of the local level of insulin-like growth factor (IGF)-I surrounding the injured muscle. It was reported that IGF-I concentration of functionally overloaded skeletal muscles was increased to 12 days, from 12 h, after the surgery [31] . Vector-mediated or transgenic overexpression of IGF-I in skeletal muscle appears to stimulate muscle regeneration and hypertrophy via the activation of satellite cells [34] [35] [36] . Previous study showed that heatstress also enhanced the proliferative potential of satellite cells and stimulated protein synthesis during the regenerating process [20] . It has been suggested that heat-stress, as well as overloading, is one of the stimuli for muscle hypertrophy by activation of phosphatidylinositole-3 kinase (PI3K)-Akt-related intracellular signals [9, 12] . Functional overloading might activate IGF-I-related intracellular signaling pathway(s), and then it might increase the regeneration potential of injured skeletal muscle.
In conclusion, overloading stimulated not only protein synthesis, but also satellite cells in muscle, and it promoted the proliferation and differentiation of satellite cells during the regeneration of injured skeletal muscle. It was also suggested that increased loading on injured skeletal muscle may facilitate the recovery. Increased loading induced by physical activity and/or muscle contraction may be a useful tool to gain muscular mass and force generation not only in athletes, but also in patients during recovery from injury.
